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HIGHLIGHTS 


•  Composite  membranes  have  been  fabricated  by  tape-casting  &  phase  inversion  technique. 

•  Such  thin  inorganic  proton  exchange  membranes  can  be  easily  scaled  up. 

•  The  TGA  results  demonstrated  that  the  composite  membranes  can  operate  stably  below  200  °C. 
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Meso-porous  silica  (MCM-41)  membranes  functionalized  by  phosphotungstic  acid  (HPW)  for  high 
temperature  proton  exchange  membrane  fuel  cells  (HT-PEMFCs)  are  successfully  developed  by  a  cost- 
effective  tape-casting  incorporating  phase  inversion  and  vacuum  assisted  wet  impregnation  tech¬ 
niques.  The  microstructure  of  the  membrane  is  characterized  by  field  emission  scanning  electron  mi¬ 
croscopy  (FESEM).  The  effect  of  MCM-41  content  on  the  tensile  strength,  ultimate  elongation,  and  weight 
gain  ratio  and  swelling  ratio  in  water/methanol  of  the  membranes  are  investigated  in  detail.  The  thermal 
stability  of  MCM-41  membrane  with/without  HPW  is  analyzed  by  thermogravimetric  analysis  (TGA)  and 
derivative  thermogravimetry  (DTG)  techniques.  In  particular,  the  effects  of  HPW  loading  and  MCM-41 
content  on  the  proton  conductivity  of  HPW/MCM-41  membranes  are  studied  comprehensively.  The  re¬ 
sults  on  the  swelling  ratio  and  tensile  tension  show  that  the  developed  membranes  can  be  applied  as  an 
electrolyte  membrane  for  HT-PEMFCs.  The  developed  MCM-41  membrane,  in  which  polyethersulfone 
(PESf)  is  used  as  the  supporting  backbone,  is  able  to  operate  up  to  200  °C.  The  single  cell  assembled  from 
HPW/MCM-41  membrane  with  70  wt.%  HPW  loading  gives  a  peak  output  power  of  ~230  mW  cm-2  and 
~  125  mW  cm-2  in  H2/air  at  90  °C  and  in  methanol/air  at  150  °C  without  any  humidification,  respectively. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  attract  consid¬ 
erable  attention  to  power  various  applications,  such  as,  electric 
vehicle,  domestic  power  generation,  portable  and  stationary  power 
source  [1,2]  due  to  their  advantages  in  high-energy  conversion 
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efficiency,  high  power  density,  simplicity  of  operation  and  eco- 
friendly  nature  [3-7].  The  polymer  electrolyte  membrane,  a  key 
component  of  the  PEMFC,  acts  as  both  a  separator  and  an  electro¬ 
lyte  in  the  fuel  cell.  The  membrane  must  satisfy  a  number  of  cri¬ 
terion:  a)  high  ionic  conductivity,  b)  zero  electronic  conductivity,  c) 
high  mechanical  strength,  d)  low  gas  permeability,  e)  high  cation 
transport  number,  f)  mechanical  and  chemical  stability  at  the 
operating  temperature,  and  g)  acceptable  water  transport  charac¬ 
teristics.  Ideally,  it  should  also  be  easy  and  cheap  to  manufacture. 
Our  technology  scan  in  the  field  of  polymer  electrolyte  for  PEMFCs 
finds  that  perfluorosulphonic  acid  (PFSA)  based  Nation  membranes 
from  DuPont  Company  are  the  de  facto  standard  [8].  PFSA  Nation 
membranes  offer  a  relatively  high  ionic  conductivity,  a  cation 
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transport  number  near  unity,  zero  electronic  conductivity,  and 
relatively  low  gas  permeability  [1]. 

It  is  well-known  that  the  efficiency  of  PEMFCs  can  be  further 
improved  by  increasing  the  operating  temperature  of  the  fuel  cells 
up  to  120  °C  due  to  the  enhanced  electrodes  reaction  kinetics  and 
improved  CO  tolerance  [9,10].  However,  the  proton  conductivity  of 
Nation  membrane  depends  strongly  on  the  water  content  of  the 
membrane  and  decreases  significantly  with  increasing  temperature 
or  decreasing  relative  humidity  because  of  the  loss  of  water  from 
the  membrane  under  conditions  of  high  temperature  or  low  hu¬ 
midities  [11—13].  Therefore,  the  development  of  proton  exchange 
membranes  with  high  conductivity,  and  performance  stability  at 
high  temperature  and  low  humidity  is  a  very  critical  component  in 
this  area. 

Many  inorganic-based  proton  conductors  have  been  explored  as 
the  electrolytes  for  HT-PEMFCs,  such  as  heteropoly  acid  (HPA)- 
based  composite  [14,15],  ammonium  polyphosphate  (APP)-based 
composite  [16],  and  doped  SnP207  [17,18].  Among  these  solid 
inorganic  proton  conductive  electrolyte  materials,  phosphotungstic 
acid  (H3PW12O40,  HPW),  one  kind  of  HPAs  with  Keggin  structure 
shows  the  highest  stability  and  strongest  acidity.  Although  earlier 
effort  on  this  material  as  a  potential  solid  electrolyte  has  failed  to 
meet  the  requirements  due  to  its  high  solubility  in  water  and  strong 
humidity-dependent  proton  conductivity  [19].  In  recent  years,  re¬ 
searchers  have  paid  more  attention  on  the  immobilization  of  HPA. 
For  example,  Tang  and  co-workers  reported  to  the  use  of  a  one-step 
self  assembled  method  to  immobilize  the  HPW  molecular  inside 
the  mesoporous  silica  structure  via  a  hydrogen-bond  and  electro¬ 
static  self-assembly  assisted  with  a  structure-directing  surfactant  (a 
non-ionic  triblock  copolymer  EO20PO70EO20)  [20,21].  A  fuel  cell 
based  on  a  165  pm  thick  HPW-silica  nanocomposite  membrane 
achieved  a  maximum  power  output  of  128.5  and  112.0  mW  cm'2 
for  direct  methanol  and  ethanol  fuel  cells,  respectively,  at  200  °C 
[20].  Lu  and  co-workers  reported  the  immobilization  of  HPW 
molecules  inside  the  mesoporous  silica  structure  by  using  a  novel 
and  cost-effective  vacuum-assisted  wet  impregnation  method.  And 
the  cell  fabricated  from  such  HPW-impregnated  meso-silica 
membrane  demonstrated  a  peak  power  density  of  90  mW  cm-2  in 
methanol/02  at  150  °C  and  an  extremely  low  relative  humidity  of 
0.67%  [14]. 

Apart  from  the  performance  of  HPW/MCM-41  composite 
membrane,  another  technical  challenge  for  such  HPW-based  inor¬ 
ganic  proton  conductive  electrolyte  relates  to  the  feasibility  of 
forming  of  thin  and  dense  membrane  structure  with  high  me¬ 
chanical  strength  without  sintering  treatment. 

There  are  various  processing  techniques  available  for  the  fabri¬ 
cation  of  inorganic  proton  conductive  composite  membranes,  such 
as  die-pressing  [14],  casting  [15],  recasting  [13],  and  cold-rolling 
[18].  Novel  ceramic  moulding  technique,  e.g.,  the  water-based 
gel-casting  has  also  been  introduced  to  fabricate  inorganic  proton 
conductive  composite  membranes  in  our  group  recently  [22].  Gel¬ 
casting  is  a  low-cost  technique  commonly  used  in  ceramic  industry 
to  fabricate  complex  three-dimensional  ceramic  parts  [23],  and  has 
been  successfully  used  to  prepare  components  and  synthesize 
electrode  and  electrolyte  powders  for  solid  oxide  fuel  cells  (SOFCs) 
[24-30].  However,  until  now  it  is  difficult  to  further  decrease  the 
thickness  of  the  HPW  functionalized  mesoporous  silica  fabricated 
by  gel-casting  technique  at  the  current  stage.  It  has  been  reported 
that  the  cell  resistance  decreases  with  the  reduction  in  electrolyte 
thickness  [31  ],  which  implies  that  the  cell  performance  depends  on 
the  thickness  of  electrolyte  membrane.  This  means  that  the  key 
contributor  for  the  development  of  high  performance  HT-PEMFC 
lies  in  creating  thin  composite  electrolyte  membranes. 

Tape  casting  is  a  well  known  colloidal  shaping  technique  utilized 
to  produce  flat,  and  large-area  ceramic  tapes  in  a  thickness  range  of 


10-1000  pm,  which  can  be  difficult  to  achieve  with  other  methods, 
such  as  pressing  and  extruding  [32-34].  Using  the  tape  casting 
technique,  a  pristine  MCM-41  membrane  has  been  successfully 
fabricated  in  our  laboratory  (see  Fig.  la).  However,  the  chemical 
stability  of  membrane  fabricated  by  non-aqueous  based  tape¬ 
casting  emerges  as  an  issue  when  methanol/ethanol  is  used  as 
fuel.  The  other  problem  relates  to  the  thermal  stability  of  the 
membrane  resulting  from  the  thermal  decomposition  of  organic 
additives  ~150  °C  (refer  to  Fig.  lb).  These  two  technical  problems 
serve  as  the  motivation  to  develop  the  existing  tape-casting  tech¬ 
nique  to  fabricate  thin  HPW/meso-porous  silica  composite  mem¬ 
brane  with  good  chemical  and  thermal  stability. 

In  this  paper,  the  organic-inorganic  composite  membranes 
with  various  mesoporous  silica  MCM-41  contents  were  fabricated 
by  the  tape-casting  incorporating  phase  inversion  techniques.  The 
properties  of  MCM-41  membranes  were  studied  by  field  emission 
scanning  electron  microscopy  (FESEM),  tensile  strength  test,  and 
water/methanol  uptake  and  swelling  tests.  HPW  was  impregnated 
into  MCM-41  composite  membranes  by  the  method  of  vacuum 
assisted  wet  impregnation  to  enforce  proton  conductivity.  The 
thermal  stability  of  membrane  with/without  HPW  impregnation 
treatment  was  characterized  by  TGA/DTG  technique.  The  effect  of 
MCM-41  content  on  the  proton  conductivity  and  single  cell  per¬ 
formance  were  investigated  in  detail. 


Fig.  1.  (a)  Optical  picture  of  the  pristine  MCM-41 -m  membrane  fabricated  by  tape¬ 
casting  &  phase  inversion  process,  (b)  thermogravimetric  analysis  (TGA)  of  this  pris¬ 
tine  membrane. 
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2.  Experimental 

2.1.  MCM-41  powders  synthesis 

Mesoporous  silica  (MCM-41)  powders  were  synthesized  based 
on  a  typical  hydrothermal  procedure  [35-37].  The  NaOH  (50  wt.% 
solution)  was  first  mixed  with  deionized  water,  then  fumed  Si02 
(particle  size  ~  14  nm)  was  added  to  the  solution  while  stirring  at 
45  °C  until  the  Si02  was  completely  dispersed.  Following  this,  the 
hexadecyltrimethylammonium  bromide  (CigF^BrN,  CTAB)  solu¬ 
tion  (prepared  by  dissolving  CTAB  in  deionized  water)  was  slowly 
dropped  into  the  silica  sol  while  stirring  at  40  °C.  The  pH  value  of 
the  solution  was  adjusted  to  11.5  using  2  mol  L-1  HC1  solution.  After 
continuously  stirring  for  an  additional  6  h  at  40  °C,  the  sol  mixture 
was  then  poured  into  a  static  autoclave  at  100  °C  for  72  h.  After  it 
cooled  to  room  temperature,  the  solid  product  was  filtrated  out  by  a 
Buchner  funnel,  washed  with  deionized  water,  and  dried  at  60  °C 
for  24  h.  The  precursor  was  calcined  in  N2  heated  to  230  °C,  then  in 
air  heated  to  550  °C  with  a  heating  rate  of  1  °C  min-1  and  dwelled 
at  500  °C  for  10  h.  In  this  work,  all  chemicals  except  for  poly- 
ethersulfone  were  purchased  from  Sigma— Aldrich  and  used  as-is 
without  further  purification  treatment. 

2.2.  MCM-41  membrane  fabrication 

MCM-41  membranes  were  prepared  by  the  tape-casting  incor¬ 
porating  phase  inversion  techniques.  Polyethersulfone  (PESf) 
(Radel  A-300,  Deyuan  Technology  Co.,  Nanjing,  China)  was 
completely  and  proportionally  dissolved  in  the  N-methyl-2- 
pyrrolidone  (NMP)  (>99.8%)  solvent  using  a  magnetic  stirrer  at  a 
rotational  speed  of  around  500  rpm  prior  to  usage.  MCM-41  and  the 
dispersant  were  then  added  into  the  PESf-NMP  mixture,  and  ball 
milled  for  4  h  at  a  speed  of  150  rpm  to  form  homogenous  slurry. 
After  degassed  at  room  temperature  for  30  min,  the  slurry  was  then 
cast  onto  a  clean  and  dry  glass  plate  using  a  self  fabricated  casting 
device.  The  casting  film  was  immediately  immersed  in  tap  water 
to  solidify.  After  the  solidification  process  was  completed,  the  as- 
fabricated  membrane  was  cut  and  dried  in  the  oven.  For 
simplicity  purpose,  all  the  composite  membrane  was  named  after 
the  following  general  formula,  xMCM-41 -yHPW-m  (55  <  x  <  75, 
0  <  y  <  100).  Where  “x”  refers  to  the  MCM-41  weight  percentage  in 
the  pristine  MCM-41 /PESf  composite  membrane  (see  Table  1), 
where  “y”  refers  to  the  weight  percentage  of  HPW  loading  in  the 
MCM-41 /PESf/HPW  composite  membranes  (see  Table  2).  The  flow 
chart  and  schematic  of  tape-casting  incorporating  phase  inversion 
process  for  the  MCM-41  membrane  are  shown  in  Figs.  2  and  3, 
respectively. 

2.3.  HPW/MCM-41  composite  membrane  fabrication 

Phosphotungstic  acid  (HPW)  was  used  as  the  proton  transport 
materials.  HPW/MCM-41  composite  membrane  was  prepared  by  a 
vacuum  assisted  impregnation  method  [14,22].  MCM-41  mem¬ 
branes  were  first  dried  in  oven  at  80  °C  for  24  h  and  treated  under 
vacuum  for  0.5  h  to  remove  moisture,  impurities  and  trapped  air 


Table  1 

Composition  of  MCM-41,  PESf  and  dispersant  in  the  pristine  composite  membranes. 


Samples 

MCM-41  (wt.%) 

PESf  (wt.%) 

Dispersant  (wt.%) 

55MCM-41-m 

55.00 

43.56 

1.44 

60MCM-41-m 

60.00 

38.56 

1.44 

65MCM-41-m 

65.00 

33.56 

1.44 

70MCM-41-m 

70.00 

28.56 

1.44 

75MCM-41-m 

75.00 

23.56 

1.44 

Table  2 

Composition  of  HPW  and  pristine  composite  membranes  in  the  final  HPW 
impregnated  composite  membranes. 


Samples 

Pristine  MCM-41 
membrane  (wt.%) 

HPW  (wt.%) 

60MCM-41 — 1  OHPW-m 

90.00 

10.00 

60MCM-41  — 30HPW-m 

70.00 

30.00 

60MCM-41  — 50HPW-m 

50.00 

50.00 

60MCM-41  — 70HPW-m 

30.00 

70.00 

55MCM-41  — 70HPW-m 

30.00 

70.00 

65MCM-41  — 70HPW-m 

30.00 

70.00 

70MCM-41  — 70HPW-m 

30.00 

70.00 

75MCM-41— 70HPW-m 

30.00 

70.00 

inside  the  mesoporous  structure.  Then  an  HPW  aqueous  solution 
was  added  to  immerse  the  MCM-41  membranes  under  vacuum. 
Finally,  the  resulting  membranes  were  dried  in  oven  at  80  °C 
for  24  h. 

2.4.  MCM-41  powders  and  composite  membranes  characterization 

Phase  development  of  MCM-41  powders  was  determined  by 
small-angle  X-ray  scattering  (SAXS,  PANalytical  diffractometer, 
Model:  Empyrean  9430.060.03002)  using  a  Cu Ka  radiation 
(A  =  1.5406  A)  at  40  kV,  40  mA  under  room  temperature.  X-ray 
scans  were  run  over  a  26  spectrum  of  0.5° -5°  at  a  scan  rate  of 
0.02°  s-1.  The  morphology  of  the  MCM-41  powder  was  examined 
by  a  high  resolution  transmission  electron  microscopy  (TEM,  JEM- 
201 0FEF)  at  an  acceleration  voltage  of  220  kV. 

The  scanning  electron  microscopy  (SEM)  images  of  the  upper 
surface  (air  side,  see  Fig.  3),  lower  surface  (glass  plate  side,  see 
Fig.  3)  and  cross-section  of  MCM-41  membranes  were  investigated 
on  a  FESEM  (JSM-7600F,  JEOL)  with  an  accelerating  voltage  of  5  kV. 
The  surfaces  of  samples  were  coated  with  gold. 

Tensile  strength  of  the  xMCM-41  -m  (55  <  x  <  75)  membranes 
was  measured  using  an  Instron  5565  Universal  Testing  at  a  strain 
rate  of  2  mm  min-1  under  ambient  conditions.  The  gauge  length 
and  width  of  dumbbell  specimens  were  40  mm  and  10  mm, 
respectively.  At  least  nine  measurements  were  conducted  for  each 
membrane,  and  the  average  values  were  calculated  for  the 


Fig.  2.  Flow  chart  of  tape-casting  and  phase  inversion  process  for  pristine  MCM-41 
membranes. 
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Fig.  3.  Schematic  drawing  of  tape-casting  and  phase  inversion  process  for  pristine 
MCM-41  membranes. 


determination  of  the  tensile  strength  and  the  ultimate  elongation 
of  tested  membranes. 

The  tensile  strength  was  calculated  using  Eq.  (1): 


(i) 


where  crt  is  the  tensile  strength  (MPa),  p  is  the  maximum  Load  (N),  b 
is  the  width  (mm)  of  specimen  and  d  is  the  thickness  (mm)  of 
specimen. 

Ultimate  elongation  of  the  composite  membrane  was  calculated 
using  Eq.  (2): 


£t  =  L-To  x  100%  (2) 

L0 

where  rt  is  the  ultimate  elongation  (%),  L0  is  the  gauge  length  (mm) 
of  the  membrane  and  L  is  the  maximum  gauge  length  (mm)  after 
the  sample  was  stretched. 

The  pure  water/methanol  uptake  test  was  carried  out  according 
to  the  following  procedure:  ten  xMCM-41 -m  (55  <  x  <  75) 
membranes  were  first  vacuum-dried  at  100  °C  overnight  and 
weighted  until  a  constant  weight  was  obtained.  The  dried  mem¬ 
brane  (Wdry)  was  then  soaked  in  deionized  water/methanol  for 
24  h  at  80  °C.  Subsequently,  the  membranes  were  taken  out  and 
weighed  (Wwet)  using  a  microbalance  after  blotted  dry  with 
filtration  paper.  The  water/methanol  uptake  was  calculated  using 
Eq.  (3): 


Wh2o/ch3oh  - 


Wwet  -  Wc 


dry 


w, 


x  100% 


dry 


(3) 


where  Wwet  and  Wdry  represent  the  weight  of  the  wet  and  dry 
membranes,  respectively. 

Swelling  ratio  of  the  composite  membrane  was  calculated  using 
Eq.  (4): 


5h2o/ch3oh  =  ~~A - —  x  (4) 

^dry 

where  Awet  and  Adry  are  the  areas  of  the  wet  and  dry  membrane, 
respectively. 

Thermogravimetric  analysis  (TGA)  and  derivative  thermog¬ 
ravimetry  (DTG)  of  PESf,  HPW,  xMCM-41  — yHPW-m  (55  <  x  <  75, 
0  <  y  <  100)  composite  membranes  were  conducted  on  a  2950 
thermal  analyzer  (TA  Instruments  Inc.,  New  Castle,  DE)  by  heating 
the  samples  from  room  temperature  to  700  °C  with  a  heating  rate 
of  10  °C  min-1  under  N2  flow  rate  of  60  mL  min-1. 


2.5.  Conductivity  and  cell  performance  measurements 

The  proton  conductivity  of  the  xMCM-41 -yHPW-m 
(55  <  x  <  75,  0  <  y  <  100)  composite  membranes  was  measured 
with  impedance  spectroscopy  using  a  Solartron  1260  frequency 
response  analyzer  in  conjunction  with  a  1287  electrochemical 
interface  at  a  frequency  range  of  1  Hz  to  1  MHz  with  the  signal 
amplitude  of  10  mV  under  open  circuit  and  the  temperature  range 
of  25—90  °C  under  100%  relative  humidity  (RH).  The  proton  con¬ 
ductivity  was  calculated  according  to  Eq.  (5): 


where  a  represents  the  proton  conductivity  of  membranes,  L  rep¬ 
resents  the  thickness  of  membrane,  R  and  A  represent  the  mem¬ 
brane  resistance  and  the  area  of  membrane,  respectively. 

The  xMCM-41  -yHPW-m  (55  <  x  <  75, 0  <  y  <  100)  mesoporous 
silica  composite  membrane  was  sandwiched  between  anode 
(direct  methanol  fuel  cell  anode,  product  code:  45374,  Johnson 
Matthey,  PtRu  loading  is  3.9  mg  cm-2)  and  cathode  (direct  meth¬ 
anol  fuel  cell  cathode,  product  code:  45375,  Johnson  Matthey,  Pt 
loading  is  3.7  mg  cm-2)  with  diffusion  layers.  The  active  electrode 
area  is  4  cm2.  Then  the  sandwiched  structure  was  clamped  and 


Fig.  4.  (a)  Small-angle  X-ray  scattering  (SAXS)  patterns  and  (b)  TEM  image  of  meso¬ 
porous  silica  MCM-41  powder. 
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sealed  between  two  graphite  plates  with  engraved  flow  field  that 
were  used  for  the  membrane  electrode  assembly  (MEA)  charac¬ 
terization.  The  flow  rate  of  H2  was  100  mL  min-1  and  the  flow  rate 
of  methanol  solution  (2  mol  L  1 )  was  1  mL  min-1,  while  dry  air  flow 
rate  was  fixed  at  300  mL  min-1.  The  cell  performance  measure¬ 
ments  were  carried  out  from  90  °C  to  150  °C.  The  conductivity  of 
membranes  was  measured  at  different  temperatures  in  the  same 
set-up  with  carbon  paper  (Toray  TGPH-060). 

3.  Results  and  discussion 

3.1.  SAXS  and  TEM  of  MCM-41 

Fig.  4a  shows  the  SAXS  patterns  of  mesoporous  silica  MCM-41. 
As  shown  in  Fig.  4a,  there  is  an  intense  diffraction  (100)  peak 
along  with  two  weak  peaks  assignable  to  (110)  and  (200),  which  is  a 
typical  diffraction  pattern  of  mesoporous  silica  MCM-41  materials 
[35,38].  As  shown  in  Fig.  4b,  the  transmission  electron  microscopy 
(TEM)  image  of  mesoporous  silica  MCM-41  illustrates  the  regular 
hexagonal  array  of  mesoporous  channels,  which  further  confirms 
that  the  synthesized  sample  has  a  2D  hexagonal  structure  with 
order  of  mesoscopic  length  scale  and  well-defined  pore  geometry. 

3.2.  Morphology  of  the  MCM-41  membranes 

Fig.  5  shows  FESEM  micrographs  of  the  55MCM-41-m  mem¬ 
brane  at  different  positions.  The  thickness  of  the  membrane  is 
~350  pm  as  shown  in  Fig.  5b.  Both  microporous  layer  and  mac- 
roporous  layer  have  been  formed  during  the  solidification  process 
(see  Fig.  5a  and  c),  which  may  be  attributed  to  the  different  pre¬ 
cipitation  rates  of  NMP  occurring  within  the  nascent  membranes 
[39,40].  The  difference  in  precipitation  rates  occurred  during  the 
phase  inversion  stage  where  the  exposed  surface  of  the  membrane 


contacted  with  large  quantities  of  coagulant  (tap  water)  faster  than 
the  other  side  of  the  membrane  that  was  in  contact  with  glass  plate. 
The  rapid  precipitation  occurred  on  the  exposed  surface  leads  to 
the  formation  of  microporous  structure,  while  the  slower  precipi¬ 
tation  on  the  other  side  leads  to  macro  voids  [40-42].  Therefore, 
one  side  of  the  surface  is  more  porous  than  the  other  side  of  the 
MCM-41  membranes.  In  addition,  it  also  can  be  seen  that  the  MCM- 
41  particles  are  well  dispersed  and  connected  to  each  other  by  the 
polymer  network  structure. 

3.3.  Tensile  strength  test 

Good  tensile  strength  and  ductility  are  necessary  in  the  appli¬ 
cation  of  proton  exchange  membranes.  In  order  to  investigate  the 
mechanical  properties  of  the  MCM-41  membranes,  tensile  strength 
tests  were  conducted  and  the  results  are  shown  in  Fig.  6.  The  tensile 
strength  of  55MCM-41-m,  60MCM-41-m,  65MCM-41-m,  70MCM- 
41 -m  and  75MCM-41-m  is  1.52  MPa,  1.02  MPa,  0.59  MPa,  0.30  MPa 
and  0.23  MPa  with  corresponding  ultimate  elongations  of  10.24%, 
9.42%,  8.25%,  4.72%  and  3.50%,  respectively.  It  is  noted  that  the 
tensile  strength  and  ultimate  elongation  for  the  MCM-41  mem¬ 
branes  fabricated  by  tape-casting  &  phase  inversion  technique  are 
lower  than  that  of  Nafion-117  and  HPW  incorporated  to  chitosan— 
hydroxy  ethyl  cellulose  membrane  that  are  used  in  direct  methanol 
fuel  cells  [43],  but  slightly  higher  than  for  organic-inorganic 
composite  membranes  based  on  poly(vinylidene  fluoride-co- 
chlorotrifluoroethylene)-graft-poly( styrene  sulfonic  acid)  with 
embedded  phosphotungstic  acid  [44].  It  is  obvious  that  both  the 
tensile  strength  and  ultimate  elongation  decreased  almost  linearly 
with  the  increased  in  mesoporous  MCM-41  content.  This  may  be 
attributed  to  the  decrease  of  PESf  content,  which  served  as  the 
cross-linked  network  of  the  membrane,  thus,  restricting  the  stretch 
of  backbone  and  hindering  the  strain.  The  results  concluded  that 


Fig.  5.  FESEM  morphologies  of  MCM-41  composite  membrane  fabricated  by  tape-casting  &  phase  inversion  technique:  (a)  surface  microstructure  of  air  side,  (b)  microstructure  of 
cross  section  and  (c)  surface  microstructure  of  glass  side. 
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Fig.  6.  (a)  Tensile  strength  and  (b)  ultimate  elongation  of  MCM-41  membranes  as  a 
function  of  MCM-41  content. 
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Fig.  7.  The  (a)  weight-gain  ratio  and  (b)  swelling  ratio  of  MCM-41  series  membranes 
fabricated  by  gel  casting  technique  as  a  function  of  solid  state  loading,  and  (c)  weight- 
gain  ratio  of  MCM-41 -HPW-m  series  membranes  as  a  function  of  HPW  loading  in  pure 
water/methanol  at  80  °C. 


the  mechanical  properties  of  the  MCM-41  membranes  fabricated 
by  tape-casting  &  phase  inversion  technique  are  mainly  affected  by 
the  content  of  PESf. 

3.4.  Water/methanol  uptake  and  swelling 

Water  content  in  the  fuel  cell  is  important  because  it  affects  the 
proton  conductivity  and  mechanical  stability  of  PEMs  [45-49]. 
Generally,  protons  can  be  transported  along  with  hydrogen-bonded 
ionic  channels  and  hydronium  ions  such  as  H30+  or  H5OJ  in  the 
water.  Hence,  proton  exchange  membranes  should  absorb  suffi¬ 
cient  water.  However,  excessive  water  absorption  will  result  in 
excessive  swelling  and  loss  of  the  dimensional  stability.  Therefore, 
it  is  important  to  control  the  amount  of  water  uptake  in  the  proton 
exchange  membranes  [49].  Fig.  7  shows  the  uptake  and  swelling 
ratio  for  composite  membranes  as  a  function  of  MCM-41  content  in 
deionised  water  and  methanol  at  80  °C  for  24  h.  It  can  be  seen  in 
Fig.  7a  that  the  water  uptake  of  MCM-41  membranes  increases  with 
the  content  of  MCM-41,  and  reaches  ~  190%  (relative  to  the  dry 
membrane)  when  MCM-41  loading  was  75  wt.%.  The  increase  in 
water  uptake  can  be  attributed  to  the  water  retention  of  the 
incorporated  silica,  which  is  due  to  the  hydrogen  bonding  of  H20 
molecules  with  the  SiOH  groups  on  the  surface  of  synthesized 


MCM-41  powders  (surface  area:  -1000  m2  g-1)  [48].  On  the  con¬ 
trary,  the  water  uptake  of  MCM-41  composite  membranes  fabri¬ 
cated  by  gel-casting  decreases  with  the  increase  in  solid  state 
loading  (i.e.  the  MCM-41  content)  of  the  formulated  slurry  [22]. 
Some  factors  that  might  have  affected  the  water  uptake  of  these 
two  hybrid  membranes:  (i)  poly(acrylic  acid)  is  hydrophilic  and 
weak  acid,  but  PESf  is  hydrophobic  and  neutral,  (ii)  The  silanols  on 
the  MCM-41  surface  react  with  poly( acrylic  acid)  and  restrict 
polymer  chain  mobility  and  free  volume,  which  leads  to  more  rigid 
and  compact  structure  in  the  hybrid  membranes  and  hence  de¬ 
creases  water  uptake  [47,49,50].  (iii)  There  are  no  interactions  be¬ 
tween  PESf  and  silanols  on  the  meso-porous  silica  surface  that  will 
not  limit  the  space  absorbed  water  molecule  by  MCM-41.  From  the 
results  of  water  uptake,  it  can  be  concluded  that  the  composite 
membrane  fabricated  by  tape-casting  &  phase  inversion  can  absorb 
more  water  at  high  MCM-41  content,  which  is  beneficial  for  higher 
HPW  loading  [14,22]. 

During  the  fuel  cell  operation,  the  dimensional  change  of 
membranes  may  be  caused  by  the  operating  temperature  and  water 
or  hydrocarbon  fuel  uptake  of  the  membrane.  In  order  to  investigate 
the  dimensional  stability  of  MCM-41  membranes  fabricated  by 
tape-casting  &  phase  inversion  technique,  the  swelling  ratio  of 
membranes  was  tested  by  immersing  in  the  deionised  water  and 


528 


L  Bai  et  al.  /  Journal  of  Power  Sources  246  (2014)  522-530 


methanol  at  80  °C  for  24  h.  As  shown  in  Fig.  7b,  the  swelling  ratio  of 
MCM-41  membrane  with  different  MCM-41  content,  in  water  and  in 
methanol,  is  quite  small  at  ~1.5%  and  ~5%,  respectively.  These 
values  are  lower  than  that  of  MCM-41  composite  membranes 
fabricated  via  the  gel-casting  technique  [22].  This  can  be  attributed 
to  the  cross-linked  network  formed  by  hydrophobic  PESf  that  re¬ 
stricts  the  swelling.  The  results  of  the  swelling  ratio  indicate  that  the 
dimensions  of  MCM-41  membranes  synthesized  by  tape-casting 
and  phase  inversion  technique  would  be  stable  for  fuel  cell  appli¬ 
cation,  especially  when  using  methanol/ethanol  as  the  fuel. 

3.5.  TGA  and  DTG 

Typical  thermogravimetric  analysis  (TGA)  and  derivative  ther¬ 
mogravimetry  (DTG)  spectra  of  PESf,  HPW,  60MCM-41-m  and 
60MCM-41-31HPW-m  are  presented  in  Fig.  8.  As  shown  in  Fig.  8a, 
the  weight  loss  of  PESf  occurred  in  the  temperature  range  of  434- 
640  °C.  It  roughly  loses  55.14  wt.%  of  its  original  weight.  This  im¬ 
plies  that  the  MCM-41  membrane  using  PESf  as  the  main  support 
can  operate  up  to  200  °C  without  any  problems. 

Three  weight  loss  stages  at  40-113,  115-267  and  369-520  °C 
can  be  distinguished  in  the  DTG  spectra  of  HPW  (Fig.  8b).  The  lo¬ 
cations  of  the  weight  loss  stages  observed  here  are  in  agreement 
with  the  reported  values  [51-55].  These  weight  losses  can  be 
respectively  attributed  to  the  loss  of  physical  absorbed  water,  the 
loss  of  crystal  water  from  HPW  hydrate,  and  the  decomposition  of 
the  Keggin  structure.  As  shown  in  Fig.  8b,  the  crystal  water  of  HPW 
is  approximately  3.22  wt.%. 

Two-stage  degradation  behaviour  for  60MCM-41-m  is  observed 
in  Fig.  8c.  The  initial  thermal  degradation  temperature  of  60MCM- 
41 -m  up  to  69  °C  is  attributed  to  the  loss  of  the  moisture  absorbed 
from  the  air  and  the  loss  of  the  water  in  the  channels  of  MCM-41 
[35,51].  The  second  degradation  temperature  of  60MCM-41-m, 
around  551  °C,  is  due  to  the  thermal  degradation  of  the  organic 
chains  which  is  corresponding  to  the  spectra  of  PESf. 

As  shown  in  Fig.  8d,  60MCM-41-31HPW-m  exhibited  three 
stages  of  degradation  at  26-118,  122-158  and  267-561  °C.  The 


reason  for  the  initial  thermal  degradation  is  similar  to  that  of 
60MCM-41-m.  The  second  weight  loss  of  60MCM-41— 31HPW-m  in 
the  temperature  range  122-158  °C  is  approximately  0.33  wt.%.  This 
is  due  to  the  loss  of  crystal  water  from  HPW  hydrate  which  is  not 
impregnated  into  the  channels  of  MCM-41.  As  the  content  of  HPW 
in  60MCM-41-31HPW-m  is  31%,  the  theoretical  weight  loss  per¬ 
centage  of  crystal  water  from  HPW  hydrate  should  be  ~1.00% 
(3.22%  x  31%),  which  is  significantly  higher  than  0.33%  observed 
from  60MCM-41  to  31HPW-m.  The  results  revealed  that  about  two- 
thirds  of  HPW  impregnated  into  composite  membranes  fabricated 
by  tape-casting  &  phase  inversion  technique  has  been  moved  into 
the  channel  of  MCM-41  silica.  The  third  main  degradation  peak  of 
60MCM-41-31HPW-m  appears  at  ~375  °C  which  is  much  lower 
than  both  that  of  HPW  and  of  60MCM-41  -m.  This  can  be  attributed 
to  the  strong  acidity  of  phosphotungstic  acid  (HPW)  that  may  have 
decreased  the  thermal  degradation  temperature  of  PESf. 

In  summary,  the  TGA/DTG  results  indicate  that  xMCM-41- 
yHPW-m  membranes  fabricated  by  tape-casting  &  phase  inversion 
technique  can  operate  up  to  200  °C  without  any  problem. 

3.6.  Proton  conductivities 

The  proton  conductivity  measurements  of  xMCM-41  -yHPW-m 
composite  membranes  were  performed  by  impedance  spectros¬ 
copy  over  the  frequency  range  of  1  Hz  to  1  MHz  with  the  signal 
amplitude  of  10  mV  in  the  temperature  range  of  25-90  °C  under 
100%  RH.  The  results  were  the  average  of  measurements  on  at  least 
three  different  samples.  Fig.  9a  shows  the  proton  conductivity  of 
60MCM-41— yHPW-m  composite  membranes  as  a  function  of  HPW 
loading  measured  at  different  temperatures.  In  the  case  of  60MCM- 
41-10HPW-m  membrane,  the  conductivity  is  0.011  S  citT1  and 
0.023  S  cm'1  at  25  °C  and  80  °C,  respectively.  The  conductivity  of 
HPW/MCM-41  composite  membrane  with  ~10%  HPW  loading 
fabricated  by  gel-casting  technique  was  2.4  x  10  3  S  cm-1  and 
7.7  x  10-3  S  cm-1  at  25  °C  and  80  °C  [22],  respectively,  which  is 
significantly  lower  than  that  of  60MCM-41— lOHPW-m  with  the 
nearly  same  HPW  loading.  While  the  reason  for  these  differences  in 


Fig.  8.  Thermogravimetric  analysis  (TGA)  and  derivative  thermogravimetry  (DTG)  curves  of  (a)  PESf,  (b)  HPW,  (c)  60MCM-41-m,  (d)  60MCM-41-30HPW-m  composite  membranes 
measured  from  room  temperature  up  to  700  °C. 
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Fig.  9.  (a)  Conductivity  of  MCM-41-HPW-m  series  membranes  fabricated  by  tape¬ 
casting  &  phase  inversion  technique  as  a  function  of  HPW  loading  and  a  function  of 
test  temperature,  (b)  conductivity  of  xMCM-41-70HPW-m  membranes  as  a  function  of 
MCM-41  content  and  a  function  of  test  temperature. 


proton  conductivity  is  not  completely  understood  yet,  the  proton 
conductivity  of  the  membranes  has  been  significantly  improved 
with  further  increase  of  HPW  loading.  In  the  case  of  60MCM-41- 
70HPW-m,  the  conductivity  was  0.044  S  cm-1  at  80  °C,  which  is  —  2 
times  higher  than  0.023  S  cm-1  measured  on  60MCM-41-10HPW- 
m  at  80  °C.  The  activation  energies  of  the  HPW/MCM-41  composite 
membranes  with  HPW  loading  of  10%,  30%,  50%  and  70%  are  12.85, 
11.87, 11.01  and  10.53  kj  mol-1,  respectively,  which  are  comparable 
with  the  reported  results  [22]. 

Densification  and  the  micro-structural  optimization  of  conduc¬ 
tive  materials  are  also  critical  in  determining  the  proton  conduc¬ 
tivity  properties  of  the  electrolyte  in  fuel  cells  [29,30].  The 
conductivities  of  HPW/MCM-41  composite  membranes  fabricated 
by  gel-casting  technique  are  found  to  increase  with  the  increase  in 
solid  state  loading  (i.e.  increase  in  MCM-41  content)  [22].  The 
proton  conductivities  of  HPW/MCM-41  composite  membranes  as  a 
function  of  MCM-41  content  measured  at  different  temperatures 
are  shown  in  Fig.  9b.  As  shown  in  Fig.  9b,  the  proton  conductivity  of 
HPW/MCM-41  membranes  fabricated  by  tape-casting  &  phase 
inversion  increases  from  0.035  S  cm-1  to  0.098  S  cm-1  when  the 
MCM-41  content  was  increased  from  55  wt.%  to  75  wt.%.  However, 
it  is  observed  that  it  is  difficult  to  further  increase  the  MCM-41 


content  of  the  membrane.  The  excessive  MCM-41  powder  would 
be  suspended  into  water  during  the  solidification  process,  when 
more  MCM-41  powder  is  added  into  the  slurry.  This  can  be 
attributed  to  the  MCM-41  content  in  75MCM-41-m  where  the 
limitation  of  PESf  to  form  the  organic  three  dimensional  networks 
to  hold  further  MCM-41  powder  has  been  reached. 

3.7.  Single  cell  performance 

To  demonstrate  the  applicability  of  the  HPW/MCM-41  com¬ 
posite  membranes  as  a  high-temperature  proton-conductive  elec¬ 
trolyte  membrane,  a  single  cell  was  assembled  with  a  xMCM-41- 
70HPW-m  (55  <  x  <  75)  with  thickness  ca.  —0.35  mm  by  using 
PtRu/C  catalyst  in  the  anode  and  Pt/C  catalyst  in  the  cathode.  The 
effective  area  of  the  cell  was  4  cm2.  Fig.  10  shows  the  cell  polari¬ 
zation  performance  as  a  function  of  MCM-41  content  measured  at 
90  °C  without  external  humidification  in  H2/air  and  the  perfor¬ 
mance  of  cell  assembled  from  75MCM-41  to  70HPW-m  measured 
from  100  °C  to  150  °C  in  methanol/air  without  external  humidifi¬ 
cation.  As  shown  in  Fig.  10a,  the  open  circuit  voltage  (OCV)  of  the 
cell  using  55MCM-41-70HPW-m  as  electrolyte  membrane  is 
0.93  V,  comparable  to  0.97  V  at  100  °C  reported  by  Lu  et  al.  [14]. 
However,  the  OCV  decreased  from  0.93  V  to  0.68  V  when  the  MCM- 
41  content  of  the  electrolyte  membrane  was  increased  from  55  wt.% 
to  75  wt.%,  respectively,  which  indicated  that  the  additional 


Fig.  10.  (a)  Polarization  curves  and  power  performance  of  a  single  cell  with  HPW / 
MCM-41  electrolyte  membrane  as  a  function  of  MCM-41  content  in  H2/air  without 
external  humidification  at  90  °C,  (b)  Polarization  curves  and  power  density  of  a  single 
cell  with  a  75MCM-41-70HPW-m  electrolyte  membrane  in  methanol/air  measured 
from  100  °C  to  150  °C.  Air  flow  rate:  300  mL  min-1;  H2  flow  rate:  100  mL  min-1. 
Methanol  solution  (2  mol  L-1)  flow  rate:  1  mL  min-1.  The  membrane  thickness  was 
0.35  mm. 
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MCM-41  silica  phase  did  not  contribute  to  higher  OCV.  The 
maximum  output  power  density  of  the  cell  assembled  from 
75MCM-41  to  70HPW-m  membrane  is  -230  mW  cm-2  at  90  °C, 
higher  than  the  other  cells  assembled  from  composite  membranes 
compared  to  the  other  membranes  with  different  MCM-41  content. 
As  shown  in  Fig.  10b,  the  maximum  power  output  is  93  mW  cm-2 
and  125  mW  cm-2  at  100  °C  and  150  °C,  respectively.  This  is 
significantly  higher  than  38  mW  cm-2  and  90  mW  cm-2  reported 
by  Lu  et  al.  [14],  which  is  due  to  the  lower  membrane  thickness 
(0.35  mm)  of  75MCM-41-70HPW-m,  compared  to  the  membrane 
(0.8  mm)  used  by  Lu  et  al.  Clearly,  the  performance  of  HPW/MCM- 
41  mesoporous  silica  composite  membrane  cells  can  be  improved 
by  reduction  of  the  thickness  of  the  electrolyte  membrane. 

In  summary,  this  study  indicated  that  the  HPW/MCM-41  com¬ 
posite  membrane  can  be  used  as  an  effective  proton-conductive 
electrolyte  membrane  for  elevated-temperature  PEMFCs. 

4.  Conclusions 

The  tape-casting  &  phase  inversion  and  vacuum  assisted 
impregnation  process  have  been  successfully  applied  to  fabricate 
HPW/MCM-41  composite  membranes.  The  preliminary  results 
demonstrated  that  this  process  can  be  scaled  up  for  the  fabrication 
of  large  size  HPW/MCM-41  composite  membranes  used  in  high- 
temperature  PEMFCs.  The  results  showed  that  large  amount  of 
loaded  HPW  is  anchored  in  the  mesoporous  silica  matrix,  forming 
effective  proton  conduction  pathways.  The  TGA  curve  of  PESf 
demonstrated  the  thermal  stability  of  MCM-41  membrane,  which 
uses  PESf  as  the  main  supporting  network.  The  TGA  result  sup¬ 
ported  the  notion  that  the  MCM-41  membrane  can  operate  below 
200  °C  without  any  problems.  The  proton  conductivity  result  shows 
that  the  HPW/MCM-41  composite  membrane  has  a  high  conduc¬ 
tivity  of  0.064  and  0.098  S  cm-1  at  25  and  90  °C,  respectively,  with 
low  activation  energy  of  ca.  6.81  kj  mol-1.  Single  cell  performance 
test  based  on  75 MCM-41 -70HPW-m  produced  a  peak  power 
density  of  -230  mW  at  90  °C  in  H2/air  and  125  mW  cm-2  at  150  °C 
in  methanol/air  without  external  humidification.  The  results 
demonstrated  that  the  HPW/MCM-41  composite  membrane  can  be 
used  as  an  effective  proton-conductive  electrolyte  membrane  for 
elevated-temperature  PEMFCs. 
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